ABSTRACT In this paper, intelligent body healthcare management based on body-centric wireless communications (BCWCs) is considered, and a wearable sensor network is studied. The interaction between electromagnetic waves and the human body is studied at 5 GHz. With the development of BCWCs, numerous on-body sensors need to be interconnected and transmitting information about human body healthcare. Structures of uniform cylindrical sensor networks for intelligent health monitoring and prognosis are proposed and studied. The reason for choosing a cylindrical sensor network is that the shape of a human torso can be approximated as a cylinder. Different numbers and arrangements of wearable antennas are considered and compared, and the far-field beam pattern is considered an important indicator in the investigation. Finally, a sparse cylindrical antenna array is also proposed, and good directional beam pattern performance is obtained. Electromagnetic simulation is performed mainly by the finite-difference time-domain method. This paper provides guidelines for the arrangement of wearable sensor networks.
I. INTRODUCTION
Recently, communication technology has become increasingly important in the application of intelligent body healthcare management. Intelligent body healthcare management is based on body-centric wireless communications (BCWCs), which mainly include two kinds of systems, wearable electronic systems and implantable electronic systems [1] . Through wearable electronic systems and implantable electronic systems, we can detect human health indicators such as heart rate, body temperature and blood pressure. There are many studies on body-centric wireless communications [1] , [2] in part because we have some previous studies on implantable electronic systems [3] - [5] . In this study, we pay attention to wearable electronic systems. Wearable electronic systems have many application scenarios, such as (1) monitoring of vital signs of bedridden patients in hospitals and (2) monitoring of fitness indicators of athletes in the gym.
In our opinion, if wearable devices operate in the frequency bands of 5G mobile communications, such as 3.3-3.6 GHz and 4.8-5 GHz, it will bring great convenience; for example, one can use mobile phones or a personal digital assistant (PDA) to receive signals emitted by wearable devices. It is important to study the interaction between the human body and electromagnetic waves in the 5G mobile communication band.
There have been many previous studies on sensor networks, and the main purpose of a sensor network is to monitor an area, as is done in target detection, source localization and direction-of arrival estimation. Several researchers have studied sensor networks [6] - [14] . P. P. Vaidyanathan and P. Pal proposed the nested array and the coprime array, which achieved large degrees of freedom and could be represented in closed-form expressions [15] , [16] . For the reason that cylindrical sensor arrays usually make use of only a part of the elements at a time, Q. Liang and N. Wu proposed a sparse sensor network constructed of a one-dimensional, two-dimensional and three-dimensional nested cylindrical sensor network, which combined the nested linear array with a uniform circular array [17] - [20] . For the reason that a cylindrical structure is easy to use in human body applications, in this paper, cylindrical antenna arrays are considered for human health monitoring and prognosis. A cylindrical array contains simple z-polarized dipole antennas in three directions, which provide wide cover in both the azimuth plane and the elevation plane. Although microstrip antenna is also suitable for this application, dipole antenna is used to compose the antenna array in this study for simple. We consider the application of intelligent body healthcare management to study appropriate wearable sensor networks.
In this study, the interaction between electromagnetic waves and the human body at 5 GHz is discussed, a uniform cylindrical antenna array is discussed, and moreover a sparse nested array for intelligent body healthcare management is proposed. The simulation results are carried out by using a 3-D full-wave electromagnetic and computational life sciences simulation software SEMCAD, which is based on the finite-difference time-domain (FDTD) method. The far-field beam pattern is considered an important indicator of the investigation.
This manuscript is organized as follows. A cylindrical human torso phantom with one antenna is shown in Section 2. A two-dimensional one-turn antenna array is introduced in Section 3. In Section 4, the results and analysis of a threedimensional cylindrical antenna array are described and studied. Finally, the results and observations are summarized in Section 5.
II. CYLINDRICAL HUMAN BODY PHANTOM WITH ONE ANTENNA
Because the shape of a human torso can be approximated as a cylinder, in this study, a simple cylinder is used as the human torso phantom. However, different people have different shapes; therefore, to obtain a generalized conclusion, two phantoms, a LARGE phantom and a THIN phantom, are developed to simulate large people and thin people, respectively.
For the sake of simplicity, muscle can be treated as a homogeneous material of the human body [21] , [22] , and the relative permittivity and the conductivity of muscle are ε r = 49.5 and σ = 4 [S/m] at 5 GHz, respectively [21] . For the LARGE phantom, the perimeter of the circle is 1004.8 mm, and for the THIN phantom, the perimeter of the circle is 753.6 mm, both of which are larger than 10 λ at 5 GHz.
SEMCAD software that was developed and provided by SPEAG is used in this study, and the software is based on the finite-difference time-domain (FDTD) method. A hardware accelerated GPU is used to improve the computing speed and reduce the calculation time. In the FDTD analysis, the number of cells is 302 × 302 × 451, and a Gaussian differential pulse is used as an excitation, and the center frequency is set as 5 GHz. The cell sizes are x = y = z = 2 mm. In addition, 11-layer PML is used as an absorbing boundary condition. Fig. 1 shows the numerical model. A simple halfwavelength z-polarized dipole antenna with length l 1 is placed near the cylindrical human body phantom. Fig. 2 shows the far-field directional beam pattern at 5 GHz; because the conductivity of the human body at 5 GHz is very high, it reflects electromagnetic waves, and the electromagnetic wave is very weak on the opposite side of the antenna (120 • < ϕ < 240 • , θ < 0 • ). For example scenario 1, which is mentioned in Section 1, when a patient is wearing a sensor with his or her back to the receiver, or for scenario 2, when an athlete is wearing a sensor with his or her back to the receiver, it is difficult to receive effective signals. Therefore, it is necessary to consider a wearable sensor network consisting of several wearable sensors; in other words, it is important to consider the wearable antenna arrangement. 
III. ONE-TURN CIRCULAR ANTENNA ARRAY
The far-field directional beam pattern of the one-turn antenna array (N = 1) for the LARGE phantom is shown in Fig. 4 . Because of the symmetry of a cylindrical array, only 0 • -180 • of the far-field beam pattern is considered. In the azimuth plane (H -plane), the lobes are almost the same, while the maximum magnitude in the case of M = 8 is 2-3 dB larger than those in the case of M = 4. A large magnitude of the beam pattern indicates large received power. In the azimuth plane (E-plane) the far-field beam patterns are different; in the case of M = 8 both the magnitude of the major lobe and the half-power beam width (HPBW) of the major lobe are larger than those in the case of M = 4, while in the case of M = 4, two large side lobes appear.
The far-field directional beam pattern of the one-turn antenna array (N = 1) for the THIN phantom is shown in Fig. 5 . In the azimuth plane (H -plane), the lobes are almost the same, while the maximum magnitude in the case of M = 8 is 2-3 dB larger than those in the case of M = 4. Large magnitude of the beam pattern means large received power. In the azimuth plane (E-plane), the far-field beam patterns are different; in the case of M = 4, large magnitude of major lobes appear in the range of −120 • < θ < −60 • and 60 • < θ < 120 • , while in the case of M = 8, the performance of the directional beam pattern is poor. Fig. 6 shows a human torso-shaped model with a cylindrical array. The two-dimensional parameters are the same as those in Fig. 3 . The number of circular arrays is represented by N , and M is the number of elements in each circular array. In particular, a represents the distance between two adjacent circular arrays. both the number of antennas and the quantity of the beam pattern simultaneously, for the LARGE phantom, a = λ is a compromise. Fig. 8 shows the directional beam patterns with a = 1/2λ, λ and 2λ under the condition of M = 8 and N = 3 for the THIN phantom. In the elevation plane, the number of lobes are almost the same among these conditions, while the maximum magnitude of the beam pattern is large in the case of a = λ (a = 1/2λ: maximum value 11.6 dBi, ϕ = 22 • /68 • ; a = λ: maximum value 13.5 dBi, ϕ = 22 • /68 • ; a = 2λ: maximum value 12.8 dBi, ϕ = 22 • /68 • ). In the In Section 4 A, Fig. 8 shows that under the condition of M = 8, for the THIN phantom the performance of the beam pattern is poor, it is recommend that M = 4 is an optimum decision.
IV. CYLINDRICAL ANTENNA ARRAY
A simple summary of the discussion regarding changing values of N as follows: in the elevation plane, increasing N can increase the maximum magnitude of the beam pattern; in the azimuth plane, there is a tradeoff relationship between the maximum magnitude of the beam pattern and the half-power beam width. For example, in scenario 1, which is mentioned in Section 1, when a patient is wearing a wearable sensor on a bed (static), a large value of the maximum magnitude is preferred. In contrast, in scenario 2, when an athlete is wearing a wearable sensor during movement (dynamic), a wide half-power beam width is preferred. A simple summary of the discussion regarding changing values of M as follows: for the LARGE phantom in the elevation plane, increasing M can increase the maximum magnitude of the beam pattern; in the azimuth plane, there is a tradeoff relationship between the maximum magnitude of the beam pattern and the half-power beam width; and for the THIN phantom, the performance of the beam pattern in the case of M = 4 is better than that in the case of M = 8.
C. SPARSE CYLINDRICAL ANTENNA ARRAY
From the results of the uniform cylindrical antenna array, it is found that under the condition that the number of antennas is too small, the signal intensity is not sufficient. However, under the condition that the number of antennas is too large, the antennas will cause mutual interference. To solve this contradiction, an interesting sparse cylindrical antenna array is proposed, under the condition that M = 4 and N = 5, and the arrangement of antennas is shown in Fig. 12 . In the cases 
V. CONCLUSION
In this study, a wearable antenna array consisting of simple z-polarized dipole antennas is studied for intelligent health monitoring and prognosis. A simple cylinder is used as a human torso phantom. Two phantoms are considered to obtain a general conclusion. The antenna arrangement is considered from a one-dimensional antenna to a three-dimensional cylindrical antenna array. The results are obtained by using the electromagnetic simulation software SEMCAD.
The results show that for one circular array (N = 1), with an increase in the number of elements in each circular array M , the number of lobes in the elevation plane does not change when the magnitude is enhanced; in the azimuth plane, with the increase of M , the magnitude of the major lobe is enhanced and that of the side lobes is weakened. For an increase in the number of circular arrays N , the magnitude of the lobes in the elevation plane is enlarged; in the azimuth plane, with increasing N , the magnitude of the major lobe is enhanced while the half-power beam width is narrowed. In other words, the magnitude of the beam pattern increases with increasing antenna number; however, there is no linear relationship between them. In the azimuth plane, it is preferred to add elements to each circular array. In the elevation plane increasing the number of circular arrays can improve the maximum magnitude of the major lobe, but at the expense of the half-power beam bandwidth. A large magnitude of the directional beam pattern can improve the received power; however, when the human body moves or turns around, a narrow half-power beam bandwidth will reduce the quality of communication. Therefore, the number of circular arrays needs to be determined according to practical applications. The distance between circular arrays of a = 1λ is preferred at approximately 5 GHz.
In the practical use of these guidelines for the application of intelligent wearable sensor arrays, the results in this study VOLUME 6, 2018 are considered applicable even when the arrangement of antennas becomes complex. In this study, only the z-polarized dipole antenna is considered. The magnitude of the directional beam pattern will be enhanced under the condition that the x-, y-and z-polarized dipole antennas are used at the same time, which will be studied in the future. In this study, a simple sparse nested array is proposed and good directional beam pattern performance is obtained. A specialized study on sparse nested arrays applied in intelligent health monitoring and prognosis will also be studied in the future. MIN ZHANG is currently pursuing the Graduation degree with the College of Electronic and Communication Engineering, Tianjin Normal University, Tianjin, China.
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